ABSTRACT: It is established that there are gender-related differences in the effects on offspring blood pressure induced by maternal protein restriction in animal studies. Since such effects may depend on estrogen levels, we hypothesized that lower estrogen would induce an earlier onset of hypertension caused by maternal undernutrition. Wistar rats were fed a diet containing either 18% (C) or 9% (R) casein throughout pregnancy. Half of the offspring in both C and R groups were ovariectomized on day 50 (CX, RX), and the other half underwent a sham operation (CO, RO). On d 175, offspring were killed for small artery reactivity and histologic investigation. Birth weight and later growth were not significantly different between C and R. RX had higher systolic blood pressure than CX on d125, but no difference was seen between RO and CO. On d 175, systolic blood pressure was higher in R than in C, whether or not ovariectomized. Dilator responses to acetylcholine and bradykinin in small mesenteric arteries were significantly attenuated in RX, although responses to SNP and isoprenaline showed no attenuation in R. The ratio of coronary peri-vascular fibrosis to total vascular area was higher in R, and the fibrosis became prominent in ovariectomized rats. These findings suggest that estrogen plays an important role in limiting the elevation of offspring blood pressure induced by maternal undernutrition, possibly via BK-mediated mechanisms. The processes may underlie gender and life course patterns of hypertension and also the developmental origins of this disease. E pidemiologic studies have shown an association between low birth weight and an increased incidence of cardiovascular, metabolic, and other diseases in later life (1-3). These human studies are strongly supported by animal studies. In the rat, a maternal low-protein diet or global under-nutrition in pregnancy often results in a reduction in birth weight, and produces an elevation in blood pressure or an impairment of glucose tolerance in adult offspring (4 -6). The developmental origins of disease hypothesis propose that these cardiovascular and related disorders derive from fetal responses to maternal under-nutrition which permanently induce changes in the structure of tissues and organs, and in their physiologic control, in the offspring (7).
pidemiologic studies have shown an association between low birth weight and an increased incidence of cardiovascular, metabolic, and other diseases in later life (1-3). These human studies are strongly supported by animal studies. In the rat, a maternal low-protein diet or global under-nutrition in pregnancy often results in a reduction in birth weight, and produces an elevation in blood pressure or an impairment of glucose tolerance in adult offspring (4 -6) . The developmental origins of disease hypothesis propose that these cardiovascular and related disorders derive from fetal responses to maternal under-nutrition which permanently induce changes in the structure of tissues and organs, and in their physiologic control, in the offspring (7) .
The mechanisms that underlie this effect are multi-factorial and complex. Mechanisms of hypertension and cardiovascular disease induced by maternal protein restriction include an alteration of the offspring's vascular function (8 -10) , renal development (11) , the renin-angiotensin system (12, 13) , and the hypothalamic pituitary adrenal(HPA) axis (14) . Examination of the underlying mechanisms should take into account the well-established gender-related differences in the occurrence of cardiovascular disease in humans at various ages (15) . It is thus of interest that some animal studies have demonstrated that hypertension or vascular dysfunction induced by a maternal low-protein diet are more pronounced in males than in females (8, 16) .
The sex hormone, estrogen, is known to modulate vascular tone and to protect the cardiovascular system (17) (18) (19) , and it plays a role in vascular disease (20) . However its role has not been investigated in the context of the developmental origins of disease. We therefore hypothesized that the effects of a low protein diet in inducing hypertension and vascular dysfunction in offspring would differ in offspring which were ovariectomized; in particular we hypothesized that, in the absence of the protective effect of estrogen in such animals, elevated blood pressure should develop more rapidly post-natally. This idea was tested in this study.
METHODS
The protocol for this study was approved by the animal experimental ethics committee of Juntendo University.
Animals and dietary protocols. Nine-to 12-wk-old virgin Female wistar rats (Sankyo Lab Service, Tokyo, Japan) were maintained at 23°C, 12L:12D cycles with free access to tap water and standard rat chow (laboratory animal diet MF; Oriental Yeast Co., Ltd., Tokyo, Japan). Female rats were mated with male Wistar rats, and conception was confirmed by the observation of semen plugs on the floor of the mating cage. Pregnant rats were randomly divided into two dietary groups and were fed a control (C, 18% casein) or low-protein (R, 9% casein) diet throughout pregnancy. Five dams formed each group. The constituents of the iso-caloric experimental diets, described previously by Itoh et al. (21) are shown in Table 1 . Just after the delivery of rat pups, the diet was replaced by standard chow. A day after delivery, pups were weighed, sexed and culled to six female pups per litter. Pups were weaned from their dams at 23 d of age. On day 50, half of the offspring in both the C and R groups were ovariectomized (CX, RX), and the other half underwent a sham operation (CO, RO) while anaesthetized by inhalation of isoflurane. Vaginal smears were collected and cytology was analyzed to confirm the effectiveness of ovariectomy two to three weeks after the operation for several days. All offspring were weighed twice a week until the experimental day.
Blood pressure measurement. Blood pressure was measured indirectly with a tail-cuff apparatus (BP-98A; Softron, Japan) (22) at 50 (before operation), 75, 125, and 175 d old as previously described by Langley-Evans et al. (23) .
Terminal procedures. When 175 to 185 days old, the offspring were killed by CO 2 inhalation and cervical dislocation at the diestrus phase of the estrus cycle, as indicated by cytology. Mesenteric arteries were dissected to assess vascular reactivity. Organs were weighed, and the hearts were analyzed histologically.
Organ weight measurements. At the postmortem examination, heart, lung, liver, spleen, kidneys, adrenal glands, and ovaries (CO, RO) were weighed.
Histology and morphometry. Hearts were fixed and stained with Azan stain for examination of histopathological changes in the coronary artery. Circular coronary arteries with a long-axis-to-short-axis ratio Ͻ1.5 were chosen as suitable cross sections. Peri-vascular fibrosis was assessed by calculating the ratio of the area of collagen-stained tissue to total vessel area. To evaluate arterial remodeling, the wall-area-to-lumen-area ratio was calculated. These analyses were performed with image-analyzing software KS400 (ver.3.0; ZEISS, Germany) by one investigator blinded to the animal treatment protocol.
Preparation of mesenteric arteries and normalization. The mesenteric arcade was excised and immediately immersed in ice-cold physiologic salt solution (PSS) (in mM: NaCl, 119; KCl, 4.7; CaCl 2 , 2.5; MgSO 4 , 1.17; NaHCO 3 , 25; KH 2 PO 4 , 1.18; EDTA, 0.026; and glucose, 5.5). Small mesenteric arteries (diameter approximately 200 m) were dissected free of connective tissue and were mounted in PSS on a wire myograph (Multi Myograph Model 610M; DMT A/S, Denmark) for the recording of isometric tension, as described previously by Itoh et al. (21) The passive tensioninternal circumference relationship (IC 100 ) was determined by incremental increases in tension to achieve an internal circumference equivalent to a transmural pressure of 100 mm Hg (using the Laplace relationship) and the arteries were set to a diameter equivalent to 0.9 ϫ IC 100. Every two segments of mesenteric artery were dissected from a rat, and the average data were used for analysis.
Vascular reactivity. The experimental protocol was carried out in the order specified below. Vascular contraction to 125 mM potassium PSS (KPSS) (125 mM K, an equimolar substitution of NaCl with KCl in PSS) and cumulative dose-responses to phenylephrine (PE) (3 ϫ 10 Ϫ8 to 1 ϫ 10 Ϫ5 ) and the thromboxane A 2 mimetic, U46619 (1 ϫ 10 Ϫ9 to 3 ϫ 10 Ϫ6 ) were carried out under isometric conditions. The PE concentration used for pre-contraction was that required to produce 80% of the maximal response (pEC 80 ) induced by KPSS. Endothelium-dependent relaxation was assessed by acetylcholine (ACh)-(1 ϫ 10 Ϫ9 to 1 ϫ 10
Ϫ6
) and bradykinin (BK)-(1 ϫ 10 Ϫ8 to 3 ϫ 10 Ϫ6 ) induced relaxation in PE-pre-contracted arteries. Endothelium-independent relaxation was determined by sodium nitroprusside (SNP) (3 ϫ 10 Ϫ8 to 3 ϫ 10
Ϫ5
) and ␤-adrenergic relaxation by isoprenaline (ISO) (1 ϫ 10 Ϫ9 to 3 ϫ 10
Ϫ6
).
Dose-response curves were constructed by the addition of increasing concentrations at agonists at 2-min intervals, and 20 min was allowed between measurements of each response curve. All drugs and chemicals were obtained from Sigma Chemical Co.-Aldrich Japan K.K. (Tokyo, Japan).
Data analysis. Values are given as mean Ϯ SEM. Animal data and systolic blood pressure were compared by the Tukey Test (SPSS 11.5J, SPSS Inc., Chicago, IL). Tension of mesenteric artery is expressed as a percentage of maximal constriction to KPSS, to correct for any small differences in vessel diameter. Relaxation is expressed as a percentage of the initial preconstriction tension. The maximal values of the PE responses were calculated by least-squares nonlinear regression analysis, and the pEC 50 was calculated (Prism 4.0, Graph Pad Software Inc., San Diego, CA, U.S.A.) if appropriate. These values were compared by the Tukey Test. If a calculation of pEC 50 was not appropriate, due to the shape of the response curve, concentrationresponse curves were compared by two-way repeated measures ANOVA (Prism 4.0, Graph Pad Software Inc.). Significance was assumed if p Ͻ 0.05.
RESULTS

Animal data.
There was no significant difference in birth weight (C: 5.34 Ϯ 0.2, n ϭ 20, R: 5.10 Ϯ 0.2g, n ϭ 22) or mean litter size (C: 9.4 Ϯ 0.6, R: 10.8 Ϯ 1.4) between C and R. The number of female pups in each dam which were chosen for the present study was not significant between both groups (average; C: 4.0 Ϯ 0.4, R: 4.6 Ϯ 0.4). After being ovariectomized at 50 d of age, CX, RX gained significantly more weight than sham-operated offspring (CO, RO), although this change was not influenced by maternal diet (Fig. 1) .
Individual organ weights are measured, but there were no differences in weight in the hearts, livers, kidneys, spleens, lungs, adrenal glands, and ovaries (data not shown).
The day of the terminal procedure were day 181.1 Ϯ 1.7 (CO), 179.8 Ϯ 1.2 (CX), 178.4 Ϯ 1.4 (RO), 179.1 Ϯ 1.4 (RX), respectively. There were no significant differences in the day of experiment among all groups.
Blood pressure measurement. Systolic blood pressures in the 50-day-old offspring were similar among the groups (Table 2 ). However, after d 75, blood pressure tended to increase in group R, and this was prominent in RX. On d 125, RX showed significantly higher systolic blood pressure than CX (p ϭ 0.001), although it was not significantly higher in RO than CO. On d 175, offspring in the R groups showed signif- 1 . Body weight of offspring in CO (•, n ϭ 9), CX (, n ϭ 11), RO (OE, n ϭ 11), and RX (ٗ, n ϭ 11).
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EFFECT OF ESTROGEN ON FETAL PROGRAMMING icantly higher blood pressure than those in C, regardless of the presence of ovaries (RX versus CX: p ϭ 0.000, RO versus CO: p ϭ 0.001). Histology and morphometry. The ratio of coronary perivascular fibrous tissue to total vascular area was higher in the R groups than C, and the fibrosis became prominent in ovariectomized rats (Fig. 2) . On the other hand, all groups showed comparable arterial wall thickness (Table 3) .
Vascular responses. Data for arterial size and vascular function in the isolated arteries are shown in Table 4 . The normalized internal diameters were found to be similar in each group.
Contractile responses. The maximal contraction induced by KPSS was attenuated in RO compared with CO (p Ͻ 0.05). PE and U46619 produced a concentration-dependent contraction of mesenteric arteries in each group. There were no significant differences in the PE and U46619 dose-response curves among the groups (Fig. 3) .
Relaxant responses. ACh produced a concentrationdependent relaxation of PE-constricted arteries in each group. The maximal relaxation to ACh (1 ϫ 10 Ϫ6 ) was reduced in RX versus RO (p Ͻ 0.05). BK, SNP, and ISO also caused a concentration-dependent relaxation of PE-constricted arteries in each group. The maximal relaxation in response to BK (3 ϫ 10 Ϫ7 : CO, CX, RO; 5 ϫ 10 Ϫ7 : RX), SNP (3 ϫ 10 Ϫ5 ), and ISO (1 ϫ 10 Ϫ6 : CO, CX, RO; 3 ϫ 10
Ϫ7
: RX) was not different among the groups. However, the overall relaxant response to BK (p Ͻ 0.05, two-way ANOVA) was significantly less in RX than RO (p ϭ 0.009), and CX (p ϭ 0.001), although CX was not blunted compared with CO (Figs. 4, 5 ). There were no significant differences among each group in the responses to SNP and ISO.
DISCUSSION
In the present study, we demonstrated that a maternal low-protein diet throughout pregnancy induces increased systolic blood pressure in female Wistar rat offspring, as previously reported (8) although it did not produce either intrauterine growth restriction or accelerated catch-up growth in offspring. Evidence from epidemiologic studies suggests that low birth weight or disproportionality (thin or short) at birth is associated with high rates of diseases such as hypertension, coronary heart disease, and non-insulin-dependent diabetes mellitus in adulthood (1-3). Offspring of animals exposed to restricted nutrition in pregnancy show elevated blood pressure (8), glucose intolerance, and insulin resistance (24, 25) , but these studies show various effects on birth weights of offspring. In some, protein restriction led to intrauterine growth restriction (9, 16, 25) , but in others no change was reported (10, 26, 27) . This may be due to differences in the composition of the diet, i.e., the ratio of protein to total caloric content, and the period of pregnancy. Offspring of dams exposed to global caloric restriction are generally born with low birth weight (8, 28) . The absence of consistent effects on size at birth following prenatal challenges which reliably produce physiologic changes in offspring reinforces the idea that birth weight is a crude proxy measure of fetal developmental responses (7) .
Although ovariectomized rats (CX, RX) gained more weight after surgery than sham-operated controls (CO, RO), the pattern of growth was very similar in C and R. It is known that ovariectomy increases food consumption and body mass (29) , but a detailed mechanism for the increase in body weight gain in response to ovariectomy remains unknown (30) . As RX rats did not show notable weight gain compared with CX, it may be that the prominent hypertension in RX was not caused only by accelerated weight gain.
Ozaki et al. have shown that maternal under-nutrition induces hypertension in male offspring at a younger age than in female offspring (8) . Franco et al. have shown that the severity of the hypertension is greater in male offspring (16) . We can therefore infer that gender differences in hypertension caused by maternal dietary deprivation might be related to sex hormones. It has been reported that serum estrogen levels in rats exposed to intrauterine under-nutrition are only half those of (16) . In the present study, ovariectomy caused significantly earlier elevation of systolic blood pressure in offspring of R dams. Therefore, estrogen may limit the elevated blood pressure observed in offspring of nutritionally restricted dams. It has been shown that intrauterine nutritional deficiency leads to permanent alteration of offspring vascular structure and function (31) . As in previous studies, we studied mesenteric arteries because they play an important role in the control of peripheral vascular resistance (32) . We found that the contractile response to KPSS was reduced only in RO, but that ovariectomy did not affect this attenuation. The lumen diameter of mesenteric arteries of RO was slightly smaller than the other groups although it did not reach statistical difference. In previous reports (8, 33) , smaller lumen diameter was associated with smaller maximal contraction to KPSS. However in the present study we did not carry out cumulative doseresponse to potassium, so we cannot determine whether this was the mechanism underlying the effect.
Maximal relaxation induced by ACh was decreased in RX, but CX did not differ from CO. Previous studies have demonstrated an attenuated response to ACh in the mesenteric arteries of female rats exposed to intrauterine under-nutrition (16, 28) . This difference merits further consideration because, although both ACh and BK are endothelium-dependent vasodilators and important contributors to hypertension, there are some differences between the two. In a previous study of spontaneously hypertensive rats (SHR), ACh-induced relaxation of mesenteric arteries was preserved, or even slightly improved, in young (7 wk) and adult (21 wk) rats, but was finally impaired in old rats (51 wk), although BK-induced relaxation was impaired at all ages (34) . These results suggest that impairment of ACh-induced endothelium-dependent vasorelaxation in the mesenteric vascular bed of SHR is a secondary phenomenon, perhaps following the prolonged influence of hypertension, while the impaired BK-induced vasorelaxation is a primary change which may be closely related to the development of hypertension.
Vasodilation to BK in mesenteric arteries is mediated primarily by production of NO through the stimulation of BK subtype 2 receptors (B 2 Rs). However, when NO synthesis is reduced, ACh maintains endothelial vasodilator function in mesenteric arteries through activation of endothelium-derived hyperpolarizing factor (10). These differences in the method of dilation could be explained by the reduced eNOS activity (16) and enhanced oxidative stress (9) following intrauterine undernutrition. Indeed, in a previous study (8) , the femoral arteries of rat offspring of nutritionally restricted dams showed no attenuation of vasodilatation to ACh, as here for the mesenteric bed.
The endothelium-dependent relaxant response to BK was blunted in offspring of dams fed a maternal low-protein diet. In addition, a blunted response to BK was more prominent in RX, whereas the effect of ovariectomy was less in CX. It therefore appears that vasoreactivity to BK is worsened by estrogen depletion. Estrogen affects coronary arteries as it does other arterial beds (35) . Moreover, it down-regulates ACE with a consequent decrease in the metabolism of bradykinin (36) . Therefore, in offspring of dietary restricted dams, it is likely that disturbances of BK-mediated pathways play a more important role than those mediated by ACh, not only in the development of hypertension but also in creating gender differences, because of the close interaction with estrogen. In the present study, vasorelaxation to SNP was not blunted by either maternal under-nutrition or ovariectomy. It seems that the reactivity of smooth muscle to NO was therefore not impaired by a maternal low-protein diet. It is known that isoprenaline induced vasodilatation not only by the direct action on smooth muscle cells but also by stimulating endothelial ␤ 2 -adorenoceptors resulting in elevation basal nitric oxide release via a cAMP-dependent mechanism on the endothelium (37, 38) . But according to some papers, these responses are different depend on vessels or endocrine environment (38, 39) . In the present study, therefore, we assessed the influence of maternal low-protein diet to ␤ 2 -adrenoceptors. ISO dilated mesenteric arteries similarly in all groups, suggesting that the function of this receptor was not impaired by maternal protein restriction.
Modulation of peri-vascular fibrous tissue content is closely related to the kallikrein-kinin system. BK released from cardiomyocytes through angiotensinII type2 receptor(AT 2 R) signaling activates endothelial B 2 Rs, leading to activation of eNOS and NO-dependent inhibition of peri-vascular fibrosis (40) . In the present study, we found that the peri-vascular fibrosis of coronary arteries was more severe in R, especially in RX. Estrogen is best known to have an indirect cardioprotective effect by modulating lipoprotein metabolism (41, 42) . However recently, a direct effect of estrogen on the heart has been reported in the rat via down-regulation of ACE, with consequent reduction of Ang II-mediated vasoconstriction and an increase in BK in the heart (36) .
Estrogen induces relaxation of coronary arteries in the rat heart (19). Although we did not measure coronary artery responses, a previous study has shown that coronary arterial tone responses to BK are less in ovariectomized compared with intact rats (35) . Taken together, our results indicate that maternal under-nutrition attenuates vasodilator responses to BK. This may cause peri-vascular fibrosis in coronary arteries. These effects are exacerbated by low estrogen levels. Lower levels of estrogen induced by maternal dietary imbalance (16, 36) may thus predispose to higher levels of coronary artery fibrosis as well as hypertension. This relationship between estrogen and BK levels could explain the higher risk of cardiovascular disease in males than in females, and in postmenopausal women than in young women (43) .
In summary, a maternal low-protein diet during pregnancy induces hypertension in rat offspring without intrauterine growth restriction. In addition, ovariectomized rats develop hypertension earlier than do intact animals. Offspring of low protein fed dams show attenuated vasorelaxation to BK, and again the effect was made worse by ovariectomy. Because BK has cardioprotective effects on the heart in conjunction with estrogen our results suggest that perturbation of this mechanism may be fundamental to the aetiology of hypertension, not only to its pattern of occurrence in relation to gender and age, but also in the developmental origins of this disease.
